absorption spectroscopy. During the last decade, the UTL method has been applied to investigate the relaxation processes of energy transfer from a photoexcited solute to the surrounding solvent molecules, 6 ,7 the ultrafast dynamics of both the solute and solvent molecules, 8, 9 the characteristic population change in confined systems, 10, 11 and so on. Therefore, we consider that the application of UTL to an inhomogeneous liquid environment provides a complementary approach to investigate the characteristic behaviors induced at liquid interfaces.
We divided the present review into three sections. The first section describes the measurement of bis(2-ethylhexyl)sulfosuccinate (AOT) reversed micelles by UTL, as a microscopic oil/surfactant/water interface system to examine whether an ultrafast refractive index change can provide further information on such an inhomogeneous liquid system. Small AOT reversed micelles provide ideal models of an oil/surfactant/water interface with well-defined dimensions. The radius of an AOT reversed micelle is almost proportional to the molar ratio of water to AOT (w0 = [H2O]/[AOT]), and can be easily controlled from several angstroms to about ten nanometers. 12 Thus, they have been extensively studied as models of confined water in macromolecules, or as models of biologically relevant interfaces. 13 We found that the UTL has provided further information on the corrective behaviors of such inhomogeneous environments where several kinds of molecules interact with each other. 14, 15 The second and third sections present the development of new instruments that we have newly developed. The second section shows the construction of a total-internal-reflection UTL (TIR-UTL) instrument. The TIR-UTL instrument enables us to measure an ultrafast change in the refractive index induced at the interfacial area, where pump and probe beams are introduced from the higher refractive index phase under the total-internal-reflection configuration. 16 The excitation area is limited to the adjacent area of the interface due to evanescent wave excitation. The TIR-UTL is applicable to interfaces between two transparent media with different refractive indexes.
The third section shows surface-selective coherent vibrational spectroscopy that is based on the modulation of the nonlinear susceptibility due to the coherent excitation of the lowfrequency vibrational modes. Coherent excitation can be achieved by ultrashort laser pulse irradiation that has a sufficient bandwidth for the stimulated Raman excitation mechanism. 17 
UTL Measurements of AOT Reversed Micelles as a Microscopic Model of an Oil/Surfactant/ Water Interface
In UTL as well as thermal lens (TL) spectroscopy, a refractive index change (∆n) is induced by a pump beam with a spatially nonuniform intensity. Provided that a pump beam having a spatially Gaussian-type intensity is used for excitation, and that the excitation is a one-photon process, the refractive index (n(r,t)) in the excited region is described as
where r is the distance from the center of the pump beam, n0 is the unperturbed refractive index of the solution, w is the radius of the pump beam, and ∆n(t) is the photo-induced refractive index change. Here, if ∆n(t) > 0, n(r,t) is higher at the center of the pump beam and the sample solution works as a "transient" convex lens. By contrast, a concave lens is formed when ∆n(t) < 0. These changes of the refractive index are detected as changes in the optical density of the probe beam due to their focusing and defocusing induced by the transient lens ( Fig.  1(a) ). The apparatus of the UTL measurement is illustrated in Fig.  1(b) . A mode-locked Ti:Sapphire laser was used as a light source (Coherent, Mira 900F; centered at 800 nm, 76 MHz repetition, 14 nJ/pulse, 150 fs FWHM). A part of the laser output was separated by a beamsplitter and used as a probe beam after passing through a computer-controlled optical delay line. The residual beam was frequency doubled by a BBO crystal to generate a pump beam. The intensity of the pump beam was repeatedly modulated with an acousto-optic modulator (AOM, frequency: 1.1 MHz). The pump and probe beams were set to be collinear with a harmonic separator, and focused on the sample cell. The power of the pump beam was less than 200 pJ/pulse. A colored glass filter was used to cut off the pump beam at the front of the photodiode. The refractive index change was detected as a change in the probe beam intensity at the small center area of an avalanche photodiode (φ = 0.1 mm). The output of the photodiode was passed through a pre-amplifier (NF, SA-430F5) and a homemade passive bandpass filter before being sent to a lock-in amplifier (EG & G Princeton Applied Research, Model 5202) synchronized with the AOM modulation. The response function of the whole system was about 300 fs FWHM.
We prepared water/AOT/n-heptane reversed micelle systems, where water existed as a nanometer-sized spherical pool surrounded by a layer of surfactant AOT molecules, whose hydrophilic head groups pointed inward ( Fig. 2(a) ). We measured the relaxation processes of the photoexcited Auramine O (AuO) (Fig. 2(b) ) included in several sizes of the reversed micelles (0.8, 1.4, 2, 4, and 8 nm in radius). AuO has been widely used as a viscosity probe molecule, and its relaxation process is remarkably affected by the surrounding environments. 18 In addition, because AuO is a cationic dye and AOT is an anionic surfactant, we considered that AuO is preferentially located in the interfacial area due to the electrostatic interaction. Photoexcited AuO relaxes via two intermediate states, that is, the first-formed emissive locally excited (LE) state and a nonemissive twisted intramolecular charge transfer-like (TICT-like) state ( Fig. 2(c) ). 19 The relaxation process of photoexcited AuO proceeds with a twisting motion of the phenyl groups. Thus, we can expect that the corrective behaviors of the water/surfactant/oil molecular system induced by the electrostatic interaction between the AuO in the TICT-like state and the negatively charged interface of the AOT reversed micelle can be monitored by the ultrafast change in the refractive index. Figure 3 shows the UTL signals of photoexcited AuO in bulk water and AOT reversed micelles. A temporal decrease of the refractive index following the optical Kerr effect (OKE) signal was observed in the reversed micelles as well as in bulk water. However, the time evolutions of the UTL signals in reversed micelles were clearly different from that in bulk water. Table 1 gives the time constants of the UTL signals and the lifetimes of the LE and TICT-like states of AuO measured by transient absorption spectroscopy in both bulk water and in the reversed micelles. The UTL signal in bulk water was well fitted by a single-exponential function, and the time constant (τ1) corresponded to the lifetime of the LE state (τLE). By contrast, double-exponential functions were needed to fit the UTL signals in reversed micelles, and the time constants of the two decay components (τ1 and τ2), agreed well with the lifetime of the LE and TICT state (τLE and τTICT), respectively (Table 1) . Thus, we assigned the τ1 and τ2 components of the UTL signal to the refractive-index change accompanying the formation of the LE and the TICT-like states, respectively.
In general, the changes in the structure and/or the electronic state of solute molecules should result in a change of the refractive index of the solution. Thus, our result indicated that the structure and/or electronic state of the TICT-like state of AuO in the reversed micelles were somewhat different from those in bulk water. Such changes in structure and/or the electronic state of AuO were also supported by the transient absorption spectra, where the absorption coefficients of the TICT-like state in the reversed micelles were about half as large as than that in bulk water ( Fig. 4(a) ). 15 These results indicated that the interactions with the interface strongly affect the structure and/or electronic state of AuO adjacent to the interface.
Interestingly, a further analysis of the UTL signal revealed that another factor was also responsible for the refractive-index change due to the formation of the TICT-like state (∆nTICT). In Fig. 4(b) , the refractive-index change due to the formation of both the LE state (∆nLE) and the ∆nTICT was quantitatively evaluated by a kinetic analysis of the UTL signals. 17, 20, 21 It was clearly shown that ∆nLE was independent of the micellar size, while ∆nTICT increased with a decrease of the reversed micelle size. By contrast, the transient absorption spectra of the TICTlike state did not depend on the micellar size ( Fig. 4(a) ), indicating that the molecular structure (e.g., twisting angle of phenyl groups) and charge distribution of the TICT-like state of AuO molecules were independent of the micellar size. 15 These results show that the size-dependent component in ∆nTICT does not originate from the AuO molecules.
A probable candidate for the refractive-index change in ∆nTICT is the temperature increase of the surrounding solvent molecules. If the increase in the temperature of the surrounding water molecules is responsible for the UTL signal, decrease of the refractive index should be observed along with the decay of the TICT-like state, because (dn/dT)V of water is negative. 22 However, such a decrease in the refractive index, corresponding to a temperature increase, was not observed (Fig. 3(b) ). Thus, the temperature increase of the surrounding water cannot be responsible for the size dependence of ∆nTICT. It is worth noting that |∆nTICT| remarkably increases when the size of the reversed micelle is comparable to the size of the AuO molecule (∼1 nm). This result suggests that the formation of the TICT-like state induces a structural change of the reversed micelles. 11, 15, 17 It is known that a change in the collective structure of molecules in solution (e.g. solvation structure) results in a change of the local polarizability, which is observed as a refractive-index change. 8 The formation of the TICT-like intermediate should induce strong perturbations to the surrounding water and AOT molecules by the twisting motion of the phenyl groups and the intramolecular charge transfer. It is reasonable to consider that such perturbations should more strongly affect the local structure of the reversed micelles, especially with smaller diameters. Although further experiments should be carried out to confirm the assignment, we observed these signals, which were not detected by transient absorption measurements. The change in the refractive index will provide further information on the local environment, including not only solute molecules, but also the surrounding solvent molecules. This is a merit to investigate an inhomogeneous environment, such as air/liquid, liquid/liquid, and solid/liquid interfaces, where interfaceperturbed solvent molecules play important roles in interfacespecific reactions and behaviors.
Development of the Total-Internal-Reflection Ultrafast Transient Lens (TIR-UTL) Method
Next, we developed a total-internal-reflection ultrafast transient lens (TIR-UTL) method to apply the UTL technique to interfaces between two immiscible media. 16 In the TIR-UTL measurement, pump and probe beams are coaxially introduced onto the interfaces by a total-internal-reflection (TIR) configuration. Irradiation by the TIR configuration enables us to limit the excitation area adjacent to the interfaces, and thus to drastically reduce the contribution from molecules in the bulk phase. We measured ultrafast dynamics of auramine-O (AuO) molecules at a water/silica interface by the TIR-UTL method, and compared the result with that in bulk water. We expected that we could detect the characteristic dynamics of AuO molecules that adsorbed on a silica surface, with their twisting motions being strongly hindered. The TIR-UTL method utilizes a pump-probe technique to achieve a subpicosecond time resolution. Figure 5(a) shows the principle of the TIR-UTL. When a pump beam is incident on a hemispherical prism (fused silica; φ = 15 mm), an evanescent field is generated near the interface. The penetration depth of the evanescent field to medium on the sample side (dp) is defined by (2) Here, n1 is the refractive index of the medium on the prism side. n2 is the refractive index of the medium on the sample side. n12 is n2/n1, the relative refractive index. θ is the incident angle. λ is the wavelength of the incident light. The evanescent field of the pump beam generates a spatial distribution of the ultrafast refractive index change near the interface. The ultrafast refractive index change, which originates from photochemical phenomena, was detected by the intensity change of the center area of the probe beam. The change in the intensity was detected by an avalanche photodiode. The theoretical principle of the TIR-UTL technique is described elsewhere. 16 The light source and the optical arrangement for the TIR-UTL set-up were the same as those for the UTL measurement, except for the arrangement of the laser beams and the samples. We fabricated the original sample-prism unit (Fig. 5(b) ) and adjusted the incident angle and the focal point of the pump and probe beams on the interface by using an xyzθ stage. The ∆nLE and ∆nTICT were evaluated by a kinetic analysis of the following two-step relaxation that was indicated in our previous study.
incident angle of the beams was set at θ = 86˚, and dp was calculated as 100 nm from Eq. (2). The polarizations of the beams were set to be parallel. Since AuO is a cationic dye, AuO is adsorbed on a silica surface, which is negatively charged by the ionization of silanol groups in water. The concentration of AuO was 0.40 mM and 1.0 mM for UTL and TIR-UTL measurements, respectively. We then compared the UTL and TIR-UTL signals of AuO aqueous solution to confirm whether the latter come from the interfacial molecular dynamics. The UTL and the TIR-UTL signals of the AuO aqueous solution are shown in Fig. 6 . Regarding both signals, we observed an instantaneous increase and subsequent decrease of the refractive index. These signals were attributed to the OKE of the prism and water, and the relaxation dynamics of AuO, respectively. As discussed above, the UTL signal of AuO in bulk water was well fitted by a single exponential function with a time constant of τ1 < 400 fs. In contrast, the TIR-UTL signal was fitted by the sum of three exponential functions with time constants of τ1 < 400 fs, τ2 = 4.5 ps, and τ3 = 68 ps.
The time constant of τ1 (< 400 fs) was observed in both measurements. Thus, it was attributed to the relaxation process of AuO in bulk solution: internal conversion from the LE state to the TICT-like state. This is because the TIR-UTL signal includes a signal originating from the relaxation process of AuO in the bulk region, since the detection depth of our TIR-UTL system (∼100 nm from the interface) is larger than the adsorption layer on a molecular scale. On the other hand, the two slower time constants (τ2 and τ3) were observed only in the TIR-UTL signal. Thus, these slower time constants were attributed to the dynamics of AuO perturbed at the interface, which indicated that the characteristic molecular dynamics at the solid/liquid interface was successfully observed through the change in the refractive index by the TIR-UTL technique.
As mentioned above, since the silica surface is negatively charged in water by the ionization of silanol groups, the cationic dye, AuO, adsorbs on the silica surface by an electrostatic interaction. We then considered that the adsorption on the silica surface strongly hindered the twisting motion of the phenyl groups of AuO, as confined in AOT reversed micelles. We interpreted the slower two components of the TIR-UTL signal according to the following two models: (1) The internal conversion process from the LE to the TICT-like state of AuO adsorbing on the interface corresponds to τ2 and the relaxation process from the TICT-like state to the ground state corresponds to τ3. Such a refractive-index change was also observed in highviscosity solvents 4 and in AOT reversed micelles. 14,15 (2) There are two kinds of AuO that interact differently with the interface. The internal conversion from the LE to the TICT-like state of each kind of AuO was responsible for two decay components. In both cases, the rate of the relaxation became 10 to 100-times slower, which indicated that the interaction between AuO and the interface strongly hindered the molecular motion of the AuO. These results indicated that TIR-UTL provides us a new method to investigate the molecular interactions and dynamics at a liquid interface.
Development of Second-Harmonic GenerationCoherent Vibrational Spectroscopy (SHG-CVS) to Measure Low-frequency Vibrational Modes
Finally, we introduce the development of a new instrument that can monitor the low-requency vibrational modes of molecules at liquid interfaces. The low-frequency vibrational region is considered to sensitively reflect the corrective motion and structures of molecular systems. [23] [24] [25] [26] [27] Thus, surface-selective low-frequency vibrational spectroscopy will provide qualitatively new information on the molecular dynamics and structures at an inhomogeneous liquid interface, where specific solute-solvent interactions play important roles in surfacespecific chemical processes. Representative interface-selective vibrational spectroscopy is sum frequency generation (SFG). 28, 29 However, there is no appropriate light source to obtain a lowfrequency vibrational spectrum by SFG. Thus, we combined the second-harmonic generation (SHG) technique 29 and coherent vibrational spectroscopy 30 to realize surface-selective low-frequency vibrational spectroscopy.
An ultrashort pulse with a few tens of femtoseconds in duration has an energy bandwidth of over a few hundred cm -1 . Thus, we can induce coherent excitation of low-frequency Raman-active modes within the bandwidth of the excitation beam by stimulated Raman processes by utilizing such an ultrashort pulse. The macroscopic modulation of the linear and nonlinear susceptibility with the eigenfrequency can be induced by the coherent vibration. When one monitors the modulation of the nonlinear susceptibility (χ (2) ) by a time-resolved SHG measurement, one can selectively observe the low-frequency vibrational modes of molecules at the interfaces. Figure 7 (a) shows the optical-beam configuration at a liquid surface. The liquid surface was irradiated by two pump pulses with a transient grating (TG) configuration.
The TG configuration remarkably improved the signal-to-background (S/B) ratio of the present study. The spatial modulation of χ (2) was periodically induced, like grating formed by an optical interference of the two pump pulses. We then monitored the coherent-vibration-induced modulation of the second-harmonic (SH) signals in the time domain by a delay-controlled probe beam. Since the modulation of χ (2) is induced in grating-like pattern , we can separate the SH signal modulated in the time domain spatially from non-modulated SH signals of the probe beams. Figure 7(b) shows the experimental set-up of the SHG-CVS measurement. A multipass-amplified Ti:Sapphire laser (wavelength, 800 nm; pulse duration, 30 fs; energy, 0.6 mJ/pulse; repetition ratio, 1 kHz) was used as the light source. The optical configuration was principally the same as that for the time-resolved SHG measurement. To excite the sample with the TG configuration, we divided the pump beam into two beams, and crossed them at the sample interface. The probe beam was introduced with the phase-matching condition. The generated SH signal was detected by a photomultiplier and a gate integrator. The measurable bandwidth was estimated to be above 300 cm -1 . At first, we measured the low-frequency (phonon) mode of the surface of GaAs (100) as a test sample (Fig. 8(a) ). The damped oscillation of the SH signal just after excitation was observed. The frequency of the oscillation was 275 cm -1 , which can be assigned to the surface-localized phonon mode of GaAs. 31 We then measured coumarin 314 at the air/water interface ( Fig. 8(b) ). We observed a sharp signal at delay time 0. The duration of the signal (130 fs, FWHM) was longer than instrumental function (50 fs, FWHM, measured at gold surface; Fig. 8(c) ). Although the attribution of the signal is not yet clear, we suggested that the signal could be attributed to the inertial response and change in the orientation of the coumarin 314 due to the electrostatic fields of the pumping beam at the interface. We demonstrated that the SHG-CVS enables us to measure low-frequency vibrational spectra with surface selectivity. A further increase of the S/N ratio of the SHG-CVS instrument will provide information on low-frequency vibrational modes that sensitively reflect corrective motions of molecules at liquid/liquid interfaces. We introduced new approaches to investigate the molecular dynamics at liquid interfaces through the changes in the refractive index and the nonlinear susceptibility. These approaches provide new information on a wider region than those that measure the change of probe molecules localized at interfaces. UTL measurements on AuO in AOT reversed micelles indicated that the corrective motion was induced by the electrostatic interaction between cationic solute molecules in the water pool of the AOT reversed micelles and negatively charged AOT molecules at the interface. The TIR-UTL instrument was newly developed, and was used to monitor the molecular dynamics at a solid/liquid interface. To obtain further information on the corrective motion of molecules at liquid interfaces, we also developed SHG-CVS spectroscopy utilizing ultrashort pulses. We measured the phonon-mode of the surface of GaAs and the ultrafast response of coumarin 314 at the air/water interface. Though the SHG-CVS instrument needs further improvement to apply to liquid/liquid interfaces, the spectra of low-frequency modes based on the corrective motion of the molecules will provide further information on the inhomogeneous liquid environment, where several kinds of solute and solvent molecules interact with each other and form specific structures and emerge characteristic properties.
